The ayu Plecoglossus altivelis altivelis, including two ecological forms (amphidoromous and landlocked), is a common and commercially important freshwater fish in Japan, whereas the endangered subspecies P. a. ryukyuensis (Ryukyu-ayu) inhabits a limited area of the Ryukyu Islands in southern Japan. The efficiency of polymerase chain reaction-restriction fragment length polymorphism (PCR-RFLP) analysis containing the entire D -loop region was examined to evaluate genetic variability and divergence in ayu populations, including the endemic two populations of the Ryukyu-ayu on the same island, and was compared with genetic data obtained from nuclear markers presented previously. The haplotype diversities (h) of the two populations of Ryukyu-ayu (0.251 and 0) were far smaller than those of the two common forms (0.766-0.928), suggesting that strong founder and/or bottleneck effects occurred in the subspecies populations. A common haplotype was not observed between the two populations of Ryukyu-ayu, suggesting little or no gene flow between them. The net nucleotide sequence divergence value (d A ) between the two populations of Ryukyuayu (0.276%) was almost same as that between the two forms of the former subspecies (0.265%). These results almost coincided with the results derived from nuclear markers and suggest that PCR-RFLP analysis of the mitochondrial DNA D -loop region is useful for evaluating genetic variability and divergence among ayu populations.
INTRODUCTION
The ayu Plecoglossus ativelis altivelis, being the basis of major commercial freshwater fishing in Japan, includes amphidromous and landlocked forms that are different in their life history. The former normally ranges over the Japanese islands and the latter is native to Lake Biwa; whereas the subspecies Ryukyu-ayu P. a. ryukyuensis, which differs from both forms both morphologically and genetically is distributed in the Ryukyu Islands only. [1] [2] [3] This subspecies has been recorded previously in Okinawa Island and Amami-oshima Island, both in central Ryukyu; 3 however, intensive surveys have since failed to find this fish on Okinawa Island, leading to the conclusion that the Okinawa Island populations have become extinct. 4 The only remaining populations of this subspecies on Amami-oshima Island are currently endangered by habitat destruction resulting from human activities. Recent surveys of the distribution and abundance of Ryukyu-ayu on the Amami-oshima Island have revealed that the subspecies is distributed within two isolated areas: (i) the SumiyoIsu Bay area in the eastern part of the island; and (ii) the Yakeuchi Bay area in the western part, suggesting that the populations in the two areas are relatively isolated from each other. 4, 5 In fact, allozyme, DNA fingerprinting, microsatellite DNA, and amplified fragment length polymorphism (AFLP) analyses as nuclear markers have revealed that the genetic variability of the two populations Original Article
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the Ryukyu-ayu on the same island, and compared them with the genetic data derived from nuclear markers presented previously.
MATERIALS AND METHODS

Samples and amplification of mitochondrial DNA
Sampling localities are shown in Fig. 1 . Samples of the ayu P. a. altivelis were collected in 1998 from Tosa Bay and Yoshino River as the amphidromous form and from Lake Biwa in 1997 as the landlocked form. Samples of the subspecies, Ryukyu-ayu P. a. ryukyuensis, were collected from the Kawauchi and Yanma Rivers on Amami-oshima Island in 1993. Total genomic DNA was extracted from fin using the standard sodium dodecylsulfate (SDS)-phenol/chloroform procedure 15 or the procedure described by Asahida et al. 16 The DNA samples were stored at 4∞C prior to polymerase chain reaction (PCR) analysis.
A fragment of approximately 1.5 kbp containing the d-loop region of the mtDNA was amplified. This region contains a part of cytochrome b and the 12SrRNA gene regions. Primer sequences are as follows: L15923 (5¢-TTAAAGCATCGGTCTTGTAA-3¢) 17 and H1067 (5¢-TATAGTGGGTATCTAATC-CCAGTT-3¢). 18 For amplification, the following reagents were added to each microtube: 6 mL of template DNA; 5 mL of 10¥ buffer (100 mM Tris-HCl pH 8.3, 30 mM MgCl 2 , 500 mM KCl); 1.0 mL of each primer (100 pmol); 5 mL of 2 mM of each deoxyribonucleoside triphosphate (dNTP); and 0.5 unit of are remarkably lower than those of the two forms and that considerable genetic differentiation occurs between the two populations. [5] [6] [7] [8] [9] The high mutation rates of mitochondrial DNA (mtDNA) can produce intraspecific divergence in relatively short evolutionary times. 10 Maternal transmission and the absence of recombination can result in highly detectable geographical subdivisions of populations, particularly in species with female phylopatry. The d-loop region (control region); that is, the unique long non-coding nucleotide sequence, is the most variable portion of mtDNA. 11 Restriction fragment length polymorphism (RFLP) and nucleotide sequence analyses of this DNA region are therefore useful for evaluating genetic, demographic, and phylogeographic patterns in intraspecific populations, which are necessary for the study of conservation biology.
For the ayu, nucleotide sequence data involving the first half of the d-loop region have been used for evaluating population structure in the amphidromous form and for evaluating genetic diversity between the amphidromous and landlocked forms using only small sample sizes (from six to 15 in each location). [12] [13] [14] Certainly, the sequence data are efficient in quantifying the differences between the mtDNA haplotypes in detail; but, to recognize the numerous haplotypes retained in the population and to quantify genetic variation conveniently and at low cost, RFLP data is efficient also. Therefore, in the present study, we examined the efficiency of PCR-RFLP analysis containing the entire d-loop region for revealing genetic variability and divergence in ayu populations, including the two endemic populations of 
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rTaq DNA polymerase (Takara, Otsu, Japan). Enough sterile deionized H 2 O was added to each sample to make up to 50 mL. Polymerase chain reaction conditions consisted of 30 cycles of denaturation at 94∞C for 1 min (1 min for the first denaturation only), annealing at 48∞C for 1 min, and extension at 72∞C for 1 min (5 min for the last extension only).
Restriction fragment length polymorphism analysis
The amplified samples were subjected to endonuclease digestion using the four-base recognition enzymes Alu I, Hae III, Hha I, Msp I, Rsa I, Taq I, and five-base recognition enzyme Hin f I (Nippon Gene, Toyama, Japan). Digestions were performed in the PCR buffer directly at 37∞C (65∞C for Taq I) for at least 5 h. The DNA fragments were separated in a 3.0% NuSieve 3 : 1 agarose gel (BMA, Rockland, ME, USA), stained with ethidium bromide, and photographed. A composite mtDNA haplotype, consisting of seven letters that represent the fragment pattern generated by each of the restriction endonucleases, was compiled for each individual.
Haplotype diversity and nucleotide sequence divergence
The haplotype diversities (h) in each population were calculated using the equation of Nei and Roychoudhury. 19 ( 1) where n is the sample size, and x i is the frequency of the haplotype in each population.
The distribution of haplotypes between populations was evaluated for homogeneity using the c 2 randomization method (Monte Carlo Technique) of Roff and Bentzen, 20 which allows for the incorporation of rare haplotypes. The nucleotide sequence divergence calculated from the base
substitutions per restriction site (d) among the haplotypes was estimated from a restriction site presence/absence matrix using the restriction enzyme and frequencies of each haplotype. The d values were calculated from the proportion of restriction fragments shared among haplotypes (F) using the fragment method of Nei and Li. 21 Mean nucleotide sequence divergences, within (d x and d y ) and between (d xy ) populations, were calculated following the method of Nei and Tajima. 22 The net nucleotide sequence divergence (d A ) was calculated using the following equation:
An unweighted pair-group method using arithmetic averages (UPGMA) dendrogram based on the matrix of d A was constructed using the neighbor program, which comes with the phylip package.
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RESULTS
Restriction fragment length polymorphism analysis and haplotype diversity in each population
The size of each of the amplified mtDNA d-loop regions for all samples was approximately 1.5 kbp. Representative amplified segments and restriction fragment patterns are shown in Figs 2 and 3 , respectively. The estimated molecular length of fragments in each restriction morph is shown in Table 1 . For all enzymes, restriction site variations in the d -loop region were detected; however, the size of total fragments of several restriction morphs was less than the 1.5 kbp after amplification. This result might be caused by the existence of comigrating fragments and/or tiny fragments that could not be detected on the gel used.
The composite haplotypes and the frequencies in each population are shown in Table 2 . The number of mtDNA haplotypes identified was 22 and 24 in the two amphidromous form popula- Table 3 shows haplotype diversity (h), calculated from haplotype frequencies, and the values of genetic variability (heterozygosity and band sharing index), evaluated using nuclear markers, which are reported elsewhere, for each of the two forms and the two populations of Ryukyu-ayu. The h values of the two populations (0.251 and 0.000) in Ryukyu-ayu were considerably lower than the two forms (0.905 and 0.766), and this tendency was very close to other genetic variability values evaluated previously from nuclear markers. 5, [7] [8] [9] tions, respectively, and was 12 in the landlocked form. In contrast to these forms, the numbers of haplotypes in the Ryukyu-ayu populations in the Kawauchi and Yanma Rivers were only two and one, respectively, and a common haplotype between them was not observed. The two haplotypes (11 and 16) in the Kawauchi River populations were not observed in either of the two forms; however, the haplotype (14) in Yanma River population was observed in moderate frequency in the amphidromous form. 
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Heterogeneity in haplotype distributions
Results of the c 2 randomization test between the two forms and the two populations of Ryukyu-ayu are shown in Table 4 . For the pairs that possessed no common haplotypes, the test was carried out with the assumption that an individual having a common haplotype exists in each population. The difference between the Tosa Bay and Yoshino River populations for the amphidromous form was not significant (P > 0.05), but differences between all the remaining pairs, including the amphidro- within each population was 0.255% for the amphidromous form and 0.153% for the landlocked form. In Ryukyu-ayu, the values were 0.139% for the Kawauchi River population and 0% for the Yanma River population, which are lower than the values obtained for the two forms. The net nucleotide sequence divergence between amphidromous and landlocked forms was 0.265%. The values between the amphidromous form and the two Ryukyu-ayu populations were 0.507% and 0.317%, and were 0.485% and 0.430% between the landlocked and the two Ryukyu-ayu populations.
The value between the two Ryukyu-ayu populations was 0.276%. Based on the matrix of the net nucleotide sequence divergence (d A ), an UPGMA dendrogram of the amphidromous and landlocked mous/landlocked and Kawauchi River/Yanma River populations of Ryukyu-ayu, were extremely significant (P < 0.001).
Nucleotide sequence divergence
The percent mean nucleotide sequence divergence within populations (d x or d y ), and the net nucleotide sequence divergence between populations (d A ) are shown in Table 5 . For the amphidromous form, these values were calculated with the assumption that the two samples (Tosa Bay and Yoshino River) belong to a single population, as indicated from the result of the c 2 randomization test. The mean nucleotide sequence divergence 
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forms, and the two Ryukyu-ayu populations is shown in Fig. 4 . The degree of genetic divergence between the two Ryukyu-ayu populations was the same as that between the two forms, and the clusters of the two forms and the two Ryukyu-ayu populations are jointed at d A = 0.434%.
DISCUSSION
The present study is the first which evaluates the genetic variability and differentiation in ayu populations, including an endangered subspecies, by PCR-RFLP analysis containing the entire mtDNA d-loop region. The differences in mtDNA d-loop haplotype diversity (h) among populations and the topology of the dendrogram based on the net nucleotide sequence divergence (d A ) was very close to those values derived from previous analyses that used nuclear markers. 2, 5, 8, 9, 24 This result indicates that PCR-RFLP analysis of the mtDNA d-loop region is effective for evaluating genetic variability and differentiation in ayu populations.
Although the amphidromous and landlocked forms have very similar values for genetic variability, as derived from nuclear markers, the number of haplotypes and haplotype diversity of the landlocked form were much smaller than those of the amphidromous form. Furthermore, in terms of the mean nucleotide sequence divergence within each form, the value of the landlocked form (0.153%) was lower than that of the amphidromous form (0.255%), suggesting that the number of maternal lines in the landlocked form is smaller than that in the amphidromous form, and that the former is genetically more homogeneous than the latter. Iguchi et al. also found similar phenomena from their studies on nucleotide sequence analyses of the first half of the d -loop region. 12 Over a period of many years, the landlocked form has been transplanted due to human intervention from Lake Biwa to almost all rivers in Japan. Recently, we have been seriously concerned about the negative ecological effects and genetic disturbance being caused by the transplanted landlocked form and how they are affecting the native populations of the amphidromous form. As an initial step in evaluating this problem, allozyme and RFLP analyses for total mtDNA markers, which have demonstrated that a remarkable difference exists in the allele or haplotype frequencies between the amphidromous and landlocked forms, have been used to calculate the mixing rate of the two forms. 25, 26 Takagi et al. also demonstrated that the ratio of the allele frequency at a microsatellite DNA locus (Pal-5*) is different between the two forms, which might be useful for calculating their mixing rate. 8 In the present study, the c 2 randomization test revealed strong heterogeneity in mtDNA d-loop haplotype frequencies between the amphidromous and landlocked forms. This result suggests that PCR-RFLP analysis of the mtDNA d-loop region might also be useful for calculating the mixing rate in more detail when combined with the aforementioned markers.
In the present study, both Ryukyu-ayu populations showed a remarkably low level of genetic variability (i.e. number of haplotypes, haplotype diversity, and mean nucleotide diversity) when compared with the amphidromous and landlocked forms. This variability pattern may imply that the Ryukyu-ayu populations experienced a founder and/or bottleneck effect owing to their small population sizes. The bottleneck effect may be accelerated by sudden habitat destruction resulting from human activity and/or from natural calamities, such as typhoons.
Although Ryukyu-ayu is an amphidromous fish, genetic investigations using nuclear markers (allozyme, DNA fingerprinting, microsatellite DNA, and AFLP) have revealed that considerable genetic differentiation exists between the two endemic populations that are distributed in the western and eastern parts, respectively, of Amamioshima Island. [5] [6] [7] [8] These reports suggest that gene flow between the two populations is more or less restricted. In addition to the aforementioned reports, the present study has shown that a common mtDNA haplotype is not observed between the two populations, which supports the idea that there is little or no gene flow between them. Isolation factors between the two populations are considered to be the reason for this as there are no bays associated with large rivers such as the Sumiyo and Yakeuchi Bays, which allow a viable population to be maintained in the Oshima Channel region. Another reason might be the limited population sizes, which would also lead to reduced chances of any direct, long-distance dispersal of larvae, as suggested by Sawashi and Nishida. 5 The results of low genetic variability and geographical isolation in Ryukyu-ayu populations indicate that, from a genetic viewpoint, Ryukyuayu can be considered to be an endangered subspecies. For the conservation of this subspecies, the most important approach is to protect the natural habitat of this fish, as well as conducting continuous genetic monitoring. In addition to the allozyme and microstellite 8 markers, the PCR-RFLP analysis of the mtDNA d-loop region, as evaluated in the present study, should be used for monitoring conventional markers also.
Although the topology of the dendrogram constructed from the net nucleotide sequence divergence coincided with the dendrograms derived from allozyme and microsatellite DNA analyses, 2, 8, 24 the divergent level between Ryukyu-ayu and the two ayu forms described in the present study was much lower than of those obtained from nuclear markers. This low divergent level is because a specific restriction morph was absent in Ryukyu-ayu and because of the common haplotype observed between Ryukyu-ayu and the amphidromous form. Iguchi and Nishida 14 have analyzed nucleotide sequences of the first half of the d-loop region of the Japanese Archipelago and peripheral island populations, including the Kawauchi River, and have reported that the four haplotypes of the Kawauchi River population are associated with their locality, as they are slightly apart from other haplotypes in the phylogenetic tree. In the present study, the two haplotypes (11 and 16) in the Kawauchi River population were not observed in either of the two forms; however, the haplotype (14) in the Yanma River population was observed in moderate frequency in the amphidromous form. This result might indicate that the evolutionary lineage of mtDNA in Ryukyu-ayu is not independent of the other ayu populations. In order to further examine this suggestion, the nucleotide sequence data for the mtDNA with a sufficient number of samples are needed. Prior to the sequencing analysis, mtDNA typing based on PCR-RFLP analysis of the d-loop region, as evaluated in the present study, would be a useful technique for detecting mtDNA haplotypes which should be examined using sequencing analysis.
